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IKTRODUCTION 


leporcant frogress in our understanding of steP.ar chromospheres has occurred 
In the past lev years as a result of new observations, developnente in spectral line 
fomatien theory, and the application of that theory to the construction of detailed 
■odel chroROSphereso Significant trends are beginning to emerge frooi ouch anelysea, 
and ve are on the threshold of a fwanlngful confrontation between purely theoretical 
•odels and the data. The range of stars thought to possess chrofsospherea My be 
widening, and ve now have a better understanding of the enigmatic preble* of «diy the 
Vilaon-Bappu relation between Oi 11 eaission core widths and stellar absolute vSausl 
Mgnitudea actually works. 

An Important eleoent in this progress has been the realisation that auch can bs 
learned by studying the •^'^^ ter atnosphercs of the Sun and a wide range of stars in 
the ssr« contest, and that such an approach is a two-way street. Hot only are the 
theoretical techniques for analysing spectra, modeling atmospheric atructures, and 
computing the consequences of different heating processes the same, but also the 
wide variety of structures and phenoicena seen on the Sun with high apatial and 
spectral resolution may be useful prototypes for stellar atmospheric structures and 
phenonena that we cannot hope to resolve hut whose exlstav.ee is implied by tndireeC 
evidence. Heedless to say, our understanding of the Sun can be strengthened by 
studying phenonena in stars that have values of gravity, rotational velocity, 
chemical composition, and Itninoslty very such different from those of the Sun. 

Despite the importance of solar-stellar cross fertilization. It la unwise to 
pursue solsr snalogies too fs»« At some point most sad perhsps sll of the solar 
analogies will fall to explain observables for certain stellar chroMSpherca* tiwo 
we run into such situattons, as 1 think «a have in several easca, «a ara in a 
position to Mke important advances in our imdaratandlnt of ^orlylng phyolcol 
proccssca operating in atara* 


*Staff Member, QuantM Riyatca Uvia&on, National tiaraao of Staodarda. 


'>• The Rencral topic of stelUr chrt™j.p:.«es ha. t* '.- . evteved recetitly ty Ll««ky 

X»9?T. I9«. ^»<>«‘* 097^). Uloschnelder .id Snoo ard UnsVy 

. '-.'^379). loportan: earlier reeiews Include thoWof f -i'rie fl973), Doherty 09.1) 

Ij Ttai Klppenh»hn (I97S> In the proeeedlnga of lAU n. o« St»U« Oirooo- 
* ^^lerea held to 1972 (Jordan and Awelt 1973). idilch I- e .eaaer is encoj^aged to 
Recent reelew. and eonegrapha on thr scicr chrecospherc Include Atbay 
,;^976) and Wthhroe and Itoyen (1977). keauce of the esceaslra rclcv Uterstwa In 
field and rapid advances .ade «>st recently and pceaently i»d*r wy, I rtll 
^i^adopt a nonatandard approach hero. I will not {.pectfleally dtacuao plaoM dtof 
aostlca aloce thla topic haa been rtreiewed h' fraderla (1973), Unoky (1977), and 
Ayrea and Unaby (1979). However, aeverol tnccTCOtln, devcloiMato U a« wndcr- 
atandln, ond woo of cbroiKsaplierle dlagnoattco wo dowrlbad balow andov tbo rclOTOOt 

baodtnta. 


II. WHAT TREIIOS ARE EHERCIHG FRCSI SEMIEIVIRICAI. CHBflWSPHERlC MODELS OF StIXLC 
STARS? 

During the past several years two laporttnt devela.-oento have greatly 
facilitated the conputstlon of seolewlrleal «f stellar eSroesoepherea. Tha 

first la the acoutsltlon of abeolute flo« yrofU.* Inportaot dlognoattcs such as 
b II H and K, the Ca II Infrared triplet. He I 110830, and h freo the ground; sod 
' It h and k, la, and the resonance lines of C II, St II, and SI III fro. space 
eaperlcents, particularly IDE. The second developcent Is the rcflncnent irf our 
understanding of optically thick resonance line fnmtlen. He now hove Increawd 
confidence In the use of these diagnostics to probe coo provide Insight Into the 
grass propcrtlw of stsllsv chromospheres. 

The various diagnostics used In building seeler-jirleal undel chros«sp:i»ren been 
been reviewed by Mnsky (1977). Ulnschnelder (1979). Unsky (1979), and Ayres and 
Unsky (1979). The usefulness of different spectral featorea for Identifying chr.- 
• ^.spheres has been reviewed by Praderle (1973. 1977). Here I *111 describe -o-e 
recent dcvelnpnents In the field. Identify Interesting trends thsl sre eevrgtng. and 
call attention to uneercatntlea In the conventional analyses. 

I will aentlon Inportaot observational prograics that are (Vod>iclng 
chrccesphertc line profiles, cnllbcated In absolute flu. units. wMcb sre the 
bsekbene of nodel chro«>sphere studies. Unsky et si. (1979s) have ebtslned 120 .A 
speeds of the ea II H sod E Uoea In a wide variety of stars later than spectral 
type FO, using the Kltt Teak * . eehelle spectrograph. Bieoe data were calibrated 
la absolute flue units at the aiellsr auifsee based o. Htllstrop'a (1972) narrow 
band pbotowtry ond the larnco and Evans (197B) relation for deriving stellar angu- 
lar dlawtcrs. cionpapa (1979) U catendUg tbc progroB to dde stars. Blanco 
seal. (197A, 197b) tevc puUtsbsd sboolato A Itm flans far fV«8 dwarfs and C3-RS 
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giants, and glance et al . (1971^) have presented ahRoltite fluxes and brightness 
teeperattres for the Wj and Kj features In 21 late-type stars* Echelle spectra* of 
1 And obtained with the Kt* Hopkins Kron caetera system have been discussed by 
Ballunas and Dupree (1979)* Anderson (1974) and Ltnsky ct al* (1979b) have obtained 
spectra of the Cs II Infrared triplet lines, and Young (1979) is obtaining spectra 
of these features In RS CVn-type systena and other active chromosphere stars using 
the KPNO CID systea* The fialaer lines in dHe flare stars have been studied by aany 
observers, most recently by Worden et al* (1979)* Zirin (1976) has obtained He I 
110830 equivalent widths for some 200 sters later than F5, and in several stars st^h 
as R Aqr, T Tau, and 12 Peg that have circusstellar envelopes* 0*Rrien and Lambert 
(1979) are studying 11083G with an echellc** etlcon systea at IlcOonald Observatory* 
They find 110830 eolsalon in a Boo and Her and are presently studying nearly 
60 f-H stars, s*lth oonltoring programs on several particularly interesting objects* 

A meber of Important observing progratss are under way In the ultraviolet* 
Purveys of fig It enissinn fluxes include the Copernicus observations of 49 stars by 
Weller and Oegerle (1979), BUSS observations with 0.1 A resolution <e*g« Rondo 
et al* 1979; de Jager et al. 1979; von der Hueht et al * 1979), and lUE cLaervatlons 
by Pagel and Wilkins (1979), Basel and Llnsky (1979), Carpenter and Wing (1979), 
Stencel and Kullan (1979), and several other groups* The 1175-2(H)0 A short wave* 
length spectral region of lUE perslts the study of prominent chromospheric resonance 
lines of H 1, 0 I, C 1, SI II, C II, and St 111, and transition region lines of 
C Hr, SI IV, C IV, H V, and 0 V. Initial observations of cool stars in the short* 
wavelength region include Linsfc.y et al* (1978), LlnsVy and tlaisch (1979), Ayres sod 
Llnsky (1979b,c), Dupree et al* (1979a), Hartmann et al* (1979), Brown et al» 

(1979), Carpenter and Ving (1979), H^ids-Vitense and Bettsiann (1979)* 

Table 1 stnaarizes seolecrpirlcal chromospheric models that have been 
constructed to catch various diagnostic features observed to quiet and active 
regions on the Sun and in stars cooler than spectral ty|« FO V* For the most part 
these oodela were constructed to fit the Cn It and Hg H emission cores and damping 
wings using partial redistribution (PRD) radiative transfer codes, although prior to 
1975 only the leas accurate complete redistribution (CRD) codes %«re available* 
Because the Ca 11 and Hg II lines are formed In chrotnospherlc layers cooler than 
8000 R, these models may have validity only below that temperature* the Lyman and 
cilllDeter continua arc useful for extending the models to 10,000 R, but suitable 
data are available only for the Sun, Other diagnostics of the 6500-8000 R tempera* 
tore range Include Si II H180B, 1&17, 1265, and 1553 and the damping wings of La* 
Ttipp et a I* (1978) have described the formation of Che SI II lines in Che quiet 
Sun, while Basrl et al. (1979) have used Ui wing observations to consCrucC quiet and 
actiea solar models* However, the accuracy of the La diagnoatie la compromised by 
the vneertaio amount of frequency rediatrlbotlon beyond Che Doppler core* Because 
tht St It Itnca and la wings esn ba observed ia scars by tUE, Chasa dlagnoacles arc 
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Table 1, (continued) 





potentially very Inportant. In <JHe stars, Ha and other BsImt aeries seobers go 
Into emission and are useful diagnostics of -the 8000-15,000 R temperature range 
(Fosbury 1974; Qrae and Kullan 1979)« 

Vernaaaa et al, (1973) have proposed that the solar upper chrooosphere has a 
plateau near 20,000 K with saall temperature gradients, presunably produced when la 
becomes optically thin and an efficient radiator* Such a plateau can be studied by 
analyzing the La core* However, Interstellar H t absorption prevents the observe* 
tion of the La core in any star other than the Sun, or perhaps a few short period 
binary systeos for which the orbital ootloos are large eoou^ to ueaash the stellar 
La core from the saturated Interstellar absorption feature* Instead, one can study 
the C 11 1X1334, 1335 and St HI 111206, 1692 lines which are also formed in the 
plateau (Lites et al* 1978; Ttipp et al* 1978)* These features, except Si 111 
11206, can be obsi^ved even in faint stars by ZVE at low dispM^sion, and ehroBO* 
spheric models of the 20,0L0 R region have now been constructed for seversl stsrs 
(e*g*» Simon et al, 1979; Basrl 1979; Simon and Unsky 1979)* 

Before discussing the general trends emergiog from these models, I should bring 
to your attention their inherent lirttccto^s: 

(1) All of the stellar models assoce one-coo p onent atmospheres, whereas the Sum 
exhibits an embarrassingly rich variety of chromospheric structure* inhomegeneitiem 
must also be important in many other stars as indicated by Vilaoo's (1978) obscr* 
vations of time variability in R line odssion* (Such variations are likely pro* 
duced in part by the appearance and temporal evolution of plage regions on the 
visible hemispheres of stars*) The important <;uesticm Is whether a one-cof^’eoeDt 

analysis la sufficient for an assessment of critical auxiliary quantifies, for ] 

example nonradlative heating rates, or for comparison with ptrely theoretical 
chromospheric models* This question will be deferred to the next section, but it im 

j 

clear that the chromosphere of at least one cool giant — Arcturus (R2 HI) ** is ] 

structured enough to make models based on diagnostics such as Ca IX or It, idtleli i 

are representative of the hotter atmospheric components, inconsistent with 
observations of diagnostics such as the CO fundamental vibration-rotation bends, 
which are sensitive to the cooler components (cf* Heasley et al* 1978)* 

(2) Models ba^d on optically thl^ chromospheric resMtance lines are uncertsim 
to the extent that frequency redistribution in the line wings is not properly 
treated. The redistribution problem is most accute for estimating temperatures near 
the stellar (ee^rature mioimua* In these low density layers, scattering in the Ca 
11 and He U resonance lines Is nearly coherent at and beyond the R| minima, etmse* 
quently the monochromatic sotf ce functions are strongly decoupled from the Plsnek 
function. For the Gs 11 resonance lines, radiative transitioms to the 3d^ m%ta* 
stable levels provide a lowo’ limit of roughly 0*05 to the tmeoberemee frocties* 

Mb U lacks ansl^ous subordlmstc levels betueem the upper sod lower states 
^ kho resonsnes Uses, and the Iowh^ llaU to the tmcohcrcoee fraettom A ts aaly 
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!•) * (B..rl 19J9). S..pCTgUnt. provide the nost e«ren» eranplro of oMrlv pur. 
ccherert .c.tterin* in the C, II end Kg II vings. owing to the low hydrogen deo- 
• Itles and ccrreapondingl* reduced eolUslonal redistribution. In fact, Basrl 
(1979) finds that the largest sources of Incoherence in such situations are radia- 
tive transitions to other levels. As described below, highly coherent scattering 
can even lead to self-reversed profiles with Kj Blnlcuj features In isothercal 
■odels, flnslly, the dtsagreeoent in solar ehrooospherte tenpersture structures 
based on the Cs 11 and Che 1% M lines (Ayres and Unsfcy 1976) Is s clear warning 
either that our understanding of the underlying atonic physics of the scattering 
proccsa in resonance lines nay be lacking in acme iciportant respect, or Bore likely, 
that single-coeponent, hooogeneeus mdelt are not a satisfactory description of the 
solar outer atsosphere, 

O) tallunas et al . (1979) have ahcwn that steep tenperature gradients 
relatively deep in the chrooospheres of active stars such as J And (C8 III-IV) and 
Capells (C6 til ♦ F9 111) can produce high pressures in the upper chronospheres and 
Cs II snd IK II resonance line cores with snail K^-Kj-Kj contrasts or no central 
reversals at all, consistent with observations. Their approach takes advantage of 
propertlea of the line cores that were ignored in constructing earlier eodels (e.g. 
felch e t al . 1978). While the Baliunas et al. approach coy he s reasonable way to 
Bodel active chrooosphere stars, it is loportant to ,ccognlre ti at other proceraco 
ere eguelly effective in filling in the line core; in partlcuXar. rotation and 
Interaedlate scale turbulence (sesoturbulence; see e.g. Shine 1975; Basrl 1979), 
Baliunas et si. (1979) also show that the usual approach of assialng a steep 
tespersttre rise beginning at 8000 K, as appears to be valid in quiet and active 
regions of the Son, it an overly restrictive cssmptlon. 

Bearing these problecs in olnd and the nonunique aspects of the dlagnoetlee, it 
is nonethelesa Isportant to consider the basic trends that are surfacing froB tha 
•odellng effort. In aoee cases, such trends oay not he overly sensitive to the 
uncertainties of the Bodellng process: 

(1) In Boat cases studied, tesperaturea in the stellar upper photosphere 
inferred free the K line wings are hotter than predicted by radiative equlllbrlua 
*®^*^** loplying nonredletlve heating in the photosphere itself. This result is 
sensitive to uncertainties in the PRO theory, but such uncertainties are least for 
the Cs II lines in dwarfs, and solar active regions show tenpersture enhaneenents of 
et least *00 r (Oiapsan 1977; Harrison and Llnsky 1978) conpared with quiet Sun 
aodela below the teopersturc alnleua. U active chrooosphere stars, that is ttara 
with chroBOspherlc line surface flines cosparable to or brighter than solar plages, 
are at all analogous to solar plages, then such stars should also have photospheres 
with tcBperatwes significantly hotter than radiative eqalllbrliB aodela predict. 

In feet, enhaoced photospheric teaperatures arc coaaon even for noBactlve etvoaa^ 
sphere Otero (bleh 1978; bleh et al. 1978, 1979). 
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(2) i'^lch et at . (1979) have presented evidence that the tenpersture cintsua la 

dwarfs neves outward to scalier case colisst densities with decreasing nonrsdlstlve 

beating. (The nonradlaclve heating is oeasured by the apparent radiative cooling 

rate In the Ca II resonance lines.) Furthercore, there is soae evidence that the 

T /T .. ratio decreases with age acong a»ln sequence scars (Llnsky et el. 1979a) 
*Bin eti 

as olgbt b€i expected If the nonradlat Ive heating rate decreases with age. 

(3) Active chromosphere dwarf stars have larger chrosospherle rsdlatlve lose 
rates and steeper chroisospherlc teaperaciare rises than ^ulcc chrooosphere stars* 

The latter result is depleted In Fig. 1, where the ehrosc^pherle tenperature 
gradients for plages (Shine and i-lnsky 1974; Keith and Llnsky 1978) and flares 
O^chado and Llnsky 1975) are coc?»arcd to those of 13 A«rf stars (Felch et al. 
1979). Tiir Gorrelatlon of increasing teisperature gradients with increasing non- 
radlatlve heating races is as expected. Itelch et al. (1975) and Q'ao and Hollsa 
(1979) have shown that Ho ealsslon, which distinguishes d«e stars fre» nortasl K 
dwarfs, can he slcply explained by the steep chronospher Ic tcoperst^x'e rises toplled 
by the bright K line mission characteristic of dMe stars. 

(4) For quiet chrooosphere dwarfs and giants. Kelch et al. (1979) found a 
correlation between the aass coltan density et the 8G90 K level of the chrooosphere 
(siQ.) and stellar gravity (see Fig. 2). However. Baliunas et al. (1979) argue that 
Che Kelch et al. relation la aot valid for RS CVn stars. Xa addition, the relacloa 
docs sot hold for solar plages and flares, where can be several orders of Bsgnl* 
tude larger than typical qolec Sun valwea. Furthermore. bas<^ on an analysis of tho 

II, SI U. SI m, and C IX lines. Simon et al. 0979) find that the aetlvo 
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tl» And th# SI III/C III 12r« fACln ic a poor dmcity dlA^rcstfc. 

Otr«r prcoirent density dlAgnostiCA Accessible to IVZ Include 51 !V III 

(Cock and Nicolas 197S> and C III (Rayscnd and riypree i57S). 

Hovever, one aosc keep In slnd that sceh racicc can be senKltive to systesaitlc flew* 
(Raymond and Ikipree 297S; Dupree et al . !979b}« Alcerestively one can derive 
tracsltion region pressures free emission eessurcs, using an etatillsry relation escli 
as constant conductive (lux (e*g« Evaos et al , 1975; fSalsch and Uetky 1976; Btom 
et al> 1979). However, the validity of thia approach la questionable* for eaasplc« 
Ayrea and Linsky (1979) hare argued against a conductlen^heated transltlee regloe &a 
the specific case of Cspella h because tnat scenario requires preaaurea a factor sf 
3CH5U tioes larger than these eatlcatcd fro« trassitloo region density dtagn9*tSes» 
coronal eelsslon neaai«'ea, and the II lines* 


ehrofwsphere star c Frl (r2 v> has a value of s factor of 6 larger than predicted 
by the qj|*t rhroe»osphere relation. 

(5) A chf oeosphertc le*rerature plateau near 20.0C0 T. In the Sun (Versatea 
et al. 1973), or near 16,500 f at suggested by Lltes et al- (197B), Bsy be s real 
feature of other stars. For exaople, Sleon et al . (1975) propose that c Erl {ft V) 
has such s plateau. Ferthereore. Sasri et al. (1979) s^gest that Che plateau 
decreases in geooetrScai thickness with Increasing brightness of In In the Sun. 

Clearly euch ^rk rer^lns to be done to better understand the available 
chrocospher Ic diagnostics and to extend chroeospherlc eodellng to other groups of 
stars. In particular, ft:rther studies of supergiants, RS C/n stars, dKe stars, F 
stars, and 7 Tsur! stars are needed, as well as the extension of chronoepherie 
aodels to trsreltSon regions using 2U£ spectra. The study of transition regions atitf 
coronse p»r se Is beyond the scope of this review, bat they are relevant to chroao* 
spheres since Hydrostatic equlllbrluti. If valid, requires vertical pressure con- 
tleulty between the top of the chromosphere and the base of the transition region* 

In this regard I would like to stress the following points: (1) The west reliable 
•eana of d«»rlving pressures at the top of a chrerosphere la to analyte diagnostic 
lines forced near 2n,«'too K s*»fh as the lai '■ere (useful primarily for the Sun), C tl 
1 X 1336 , 1335 and St III 1112^6, 1B92. The Ca IZ and iig 17 resonance lines are 
foreed deeper in the chrooosphere where the pressures are typically such larger than 
at the top, consequently the eel salon cores of these lines are not unique diagnos- 
tics. (2) Oosehek et si* (1976) have proposed that the Si 111 11B92/C ill «2909 
line ratio, which Is easily obsersed by lUE, Is s useful diagnostic for densities et 
the base of the trsnsltloa region. However, Slnon et al* (1979) find chat If a 
ehronosphsric plateao la present near 20,G00 K, thaa Si III 11992 la famed 
primlly tn cba placcaw* Uoder thess clrevstaacas the St lU lioa la scasiciv* to 


HI. Ai?2 THtCEETICAL K05ELS OF CiDt'2«S?HER£S SEC'XINC EEALISTIC? 

Despite the rapidly growing nisrfcer of spectroscopic observations of stellar 
chresospheres and the sectesplrical eodcls co-puted to fistch these data, we esnset 
dels that we understand chroeospheres without flr;t Identifying the lepcrtsrr 
heating necbacisa(s) , and second coeputlsg ab Iritlo theoretical chrcBosph*re aodela 
based on these heating sechanlsss which accurately catch the available data and 
aeslecplrlcal sodela. This particular goal of t^derstandlng stellar chromospheres 
has not yet been achieved, but considerable progress has been cade recently. 

Stein and latlbacb^ (1974) and L’lcschrelder (2979) have described the different 
types of hydrodysaaic and nagnetohydrodynaslc waves that are thought to exist in the 
solar st^sphere and are candidatea for heating stellOT^ chrosospheres. tlnschneldcr 
.(1979) argues that nagnetlc eedes are likely to dcFsSnste the transition region and 
ccrcnae, but that si^rt period acoustic waves are the best candidate for heating the 
ckrooospheres of the Suo and stars of spectral type A ar.d later. KXs arg^rent la 

based on the following elesents: (1) Seubner (2976) weaaured the shore period acewa— 

a a *2 •I 

tic fXific In t^<e solar photosphere to be of 10 - 10 rrge c* a • w^lch is 

anple enough to balance the total energy loss of about 6 ■ IG^ eega ea*^ s*'^ In tha 
outer sr.Iar etcosphere even with considerable wave dsaping In the upper photesphera* 
Other nonsagr.etic Rodes, for exaaple gravity waves, probably do not carry res«tely 
comparable amounts of energy. (2) The contract in cbroaespheric esission lines 
across* the solar surface, prestsably due to magnetic heating nechanlsas, in net 
^gs (Ulnschneider 1974). (3) There la rather good agrecnent between theoretical 

•nd enpirlcal chrenespherle heating rates, based on the short period aeauseie wave 
aeehasise, for several late-type stars and the Sun. 

I Will coasldcr the validity of theac ar gyenta la the eantcat of a cospMiaaa 
^*^'*** ^ prediettoas of the acowatic wave aedcls and ca^lrlcaX data, twt first tc 
** I^POTtaat to stats the appronlaatloas aad* la reeeat chcaratScal calewlatiaaa. 



258 


Prior to 1977, theoretical nodeXs of chrooosphcreo (e*g. Kuperus 1965, 1969* 
llotchneldet 1967, 1971; de Uiore 1970) »sfe-^ed wak shock theory and tloe- 
Independent soSut loirs. In oore recent calculations (e.g. Ulaschnelder and Ralkofen 
1977; tlcschnelder et al. 1978, 1979; Schnits and Wnschnelder 1979a,b) shocks are 
treated eaplicltly with tlrie-dependent hydrodynanlc codes. These manertcal 
approaches typically assune Blxlng-length convection, the Ughrhill-Proudsan theory 
lor acoaatic wave generation, a single period for the accustlc waves, and grey 
opacity stellar atnospheres, I now consider four cosparisons between these cal- 
culations and eeptrlcal esessureaents of several kinds. 

(1) The eost basic teat of the wave models Is that they correctly predict the 
T^lf and gravity dependences of chromospheric radiative loss rates. This test la 
difficult because several isportent ealsslon features (l,e. resonance Itnee of Ce 
II. Hg II end H I) oust be meesured to eetlmate the radiative loss rate In lines, 
end It Is presently Impractical to directly measure the chromospheric rndlatlve loss 
rate In the H* continuum. Aa a first attempt at testing the theoretical models. 
Unsky and Ayres (1978) estimated that 1% II h and k account for 30 percent of the 
chroBosplierlc Iloe radiative losses in the Sun and other late-type stars for which 
the Ca II, 1% 11, and H I resonance lines are effectively thick. They then compared 
normalised radiative loss rates In the Hg II lines, ID/oT*^^, for 32 stars 

including the Sun and found a systematic; trend of decreasing Tflfe ID/oT^^j. with 
decrcsslng effective temperature, but essentially no dependence on stellar sisfaee 
gravity. The computations by Ulcschnelder et at . (1977) of the acoustic flux 
avsllsblc to heat chromospheres exhibit the observed dependence, but predict am 
Increase In chromospheric heating of 1-2 orders of magnitude between log g - 4 and 
leg g • 2, that is certainly not seen In the data. Subsequently, Basri and Llnsky 
(1979) determined more accurate values of Tdig II from their IDE data and 

the Copernicus spectra of Weller and Oegerle (1979). These data are Illustrated la 
fig. 3. Die normalized II fluxes are widely scattered, but they do show little 
If any dependence of FOfe II stellar lisstnoslty In agreement with the 

previous data, ar.d perhaps a slow decrerse with decreasing 

An Important question In this regard Is the nnoucit of chromospheric cooling In 
the H contlnutxs and the extent to which the H cooling term depends on gravity. 
ScTmiltx and Ulmschnelder (1979a, b) revised the previous work of SlmsehneSder etsl. 
(1977) In s way that has reduced the gravity dependence of the acoustic flux that 
survives radiative damping In the photosphere, and Is therefore available to heat 
the low chromosphere. They find that the ratio of f e computed H~ radiative loas 
rates to the etspirlcel Hg 11 radiative loas rates Incrcasea with decreasing gravity 
In a Banner centlatent with their acoustic (lux ealculationa. For example, their 
f(H~)/Xi(ng II) ratios range froa ebout 2 for the Sun to roi«hly 20 for the giaats 
Cspella and Since 11 provtdea roughly a ihlrd of the total line 

loaaea, |tH )/^lloea) rangea fro« order unity to about 7* HDueucr* unllln 



radiative losses In lines, H* cooling cannot be ceastired directly* Scl»It* and 
Ulcschnelder instead estivated H* cooling Indirectly using chrooos^hcrlc vodels 
constructed to fit the Ca II and «g II lines. Sot only are the derived H* radiative 
loss rates extrecely uodel-depcndent, but the use of oedeXs constructed to natch the 
Ca II and Kg II lines to calculate the H* losses is itself Questionable* The reaaoa 
is that the Ca II and Us XI lines average over the Intrinsically Inhonogeneoua 
stellar atnosphere in a cuch different way than does In the H cootlnoi** Since 
* enlsston In the t»e« ultraviolet resonance lines Is strongly weighted toward the 

hotter components of an ataosphere, while the vainly visible and near Infrared K 
ewlaslon is swre evenly weighted over the theraal Irregularities, the use of oodela 
constructed to fit the Cs U and dg II lines will Inevltshly overestiaste TltT}, 
Finally there reaalas fundaaeatal dlsagreenent on the iwoper way to co^vte m~ 
radlsclve loosca froa a stellar cliroaoaphere tProderie sod Tboaaa H72, 1976; 
Kolkofen and Ulaschnelder 1979; Ayres 1979b). 

(2) The ehroBoepherie k llae radUclvc leas races Ulestraced ta FI,. 3 exhibit 
a wide raaga vsloes for scars ol stellar effectlwe tci,erst«e aad Itelaaalty. 
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6»c3u^lrg the P5 CVn-ly?e syifert, the range is typically an order of magnitude. 

The are] cgout plot of nor&alleed chronospher Ic radiative losses In the H and K llnea 
(Llnacy et al » 1979a) showa a ccB^yarable spread. While acoustic wave heating oAy 
expIalQ quiet chrcootpherea, it cannot evplaln the* large diversity of chrosoapherlc 
radiative less rates asong single stars of slallar effective tesperature and gravity 
Caaoe Itasinoslty). In solar plages* chrosospher Ic radiative losses In the Ca II and 
Kg IX resonance lines are cesBonly 10 tlcea those of the q«iet Sun (Kelch and Unsky 
197S; kelch et al- 1979). Since Ca II It line Intensities are well correlated with 
aagnetlc field strength in the Sun (Skiganlch et al. 1975)* It Is generally preauned 
that the etagretlc field plays an Isportant role In enhancing the ehroaospherlc 
nonradlatlve heating rates. In fact* the correlation of Cs 11 strength with the 
magnetic field oust be viewed as clrcuostantlal evidence for a hydronagnetle ortgis 
of chrooospher Ic heating. One likely explanation* then* for the factor of 10 range 
In each effective tesq»eraturc Is that stars with low rstlos 

have few anlar^type plages* while stars with large ratios ara aaloly covered with 
aolar^type plages. 

(3) A third test la s cosparlson of the theoretical acoustic wave heating itk 
specific stars with esplrtcally deternlned radiative loss rates. fTlcschnelder 
et si . (1977) and Sctoltt and Uleschnelder (I979a*b) have conputed theoretical 
chroeosphere eodelt for the sace dwarfs* subgiants* and giants that Ayres etal* 
U97A), Ayres and Unsky (1975), Kelch (1978), and Keleh et al . (1978, 1979) had 
previously computed seeleeplrlcal eodels based c^ the Ca 11 and II lines* For 
sumy of these stars the agreement between computed acoustic fluxes and eaptrlcal 
radiative loss rates (Including the catlcated H* contribution) la within a factor of 
8* which la not a large factor when one considers the gross uncertainty In the 
a9o^Int of acoustic flux generated In the convective rone (see Gov^ 1976) and the 
potential Importance of Inhoaogeneitles on deterelnlng the "eeplrlcal* (f* cooling* 
The acoustic wave theory h«a the aost difficulty for the cooler dvarfa Such as 
70 Oph A (KO V) and EQ Vir (dKSe)* For the latter star* In particular* Schnlta and 
Ulaschneider (1979b) eatl&ate that a factor of IAS tloea more energy la needed to 
balance the empirical ehroaoaphertc radiative loas rate than la predicted by the 
acoustic wsve theot?* Part of the alsslng flux may be attributed to tnadequaclco !• 
the theory* for example* the treatsent of line blanketing* oolecular opacity* and 
Che effects of ataospherlc stratification on wave production (Schnltx and 
Uls:schnelder 1979a)* However* t'feel that the principal reason la the doalnanca of 
e^gnetlc heating oechanlsas In these active chroooaphera stars* The aaae la alaoat 
certainly true for the RS Ctfn*type ayaceaa* For exaaple* the theoretical acoustic 
heating rates for Gspella arc considerably leas than tbs apparent cbrooospherle 
radiative losses* 

(6) A final teat is the location in asaa coluan density of the tcaparaturo 
aiolMB* which la datarained by the nonradiativa baating rata at cha baaa of tha 
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srellsr chrocosphere. Oran and U2«<;rhne]der (1978) called actem»*nn te inconsls* 
ceneles between observed and predicted widths of the Gs II K| featurtS* which showld 
be foreed In the vicinity of (but see I VI coseernlng superglan^a)* la sub* 

sequent coeducations by Scholcc and Uleschneldcr (1979a*h) the agree!cent between 
coepuced and empirical t»ss coluan densities at has laproved except for those 
stars (70 Opb A* cO Vlr* spells) that show censlderable deficiencies in the cea* 
puted acoustic flux* 

In smeary* theoretical eodels based on the short period accustlc wave theory 
show precise for explaining the heating of the lower chreasspheres of quiet chrna w 
sphere stars* but they are clearly inadequate to explain the luting of transitloa 
regions and coronae or active chreetosphere stars and solar plages* In these *ano^ 
alous* cases* cagnetlc heating aechanlsas are presmably doalnaat. Even for the 
quiet chroeosphere atars the acoustic theory r«eds to be carefully exanlned* Far 
exaaple« H* radiatlva losses should be calcwlated for the several claaaea af t^«raai 
inhouogenettlea known In tbs solar caae* ta aatrbltah the raliabfltty af aaMuating 
vT cooling rataa frea aingIa*coapaa«nt aodeXn* In additian* tha aeauacic wave 
theory should be extended to acre realiatle ataeapherie Bedela* iaclwdlag aoagrey 
opacity seureea and a aore coaplate* aoallaisar treataeat af tha prapagatiaa and 
daoplng of the sound waves* 

IV* WHT DOES THE «LSO?S-BAPPU ULATXOS 

Ever since Vllson and Eappu 0957) ditcovered a alnple correlation between 
the widths of the Ca II H and K line eaissloo cores ar^ stellar absolute Ixslroslry 
(Hy> extending over 15 nagnltudes* uany astrencxera have expanded the data base and 
have attempted to explain the origin of this relation. Fart of the fasctr^atlon of 
this subject oust be the Inherent elepllcity of the correlation and the prospect af 
obtaining valuable Inforaatlon about stellar ebrosospheres froa slsple eeasuresenta 
of ^(ne widths. Unfortunately* this is a topic in which one can easily be deluded 
Into feeling that he understands sosetbing. In particular* eany authora have node 
back*of*the*envelope calculations ar^ arrived at relations slellar In funetforal 
fora to that originally proposed by Vllson and tappu (I957>* ««tiereaa the wide 
variety of assumptions used are often very different and even ccMatradletory. 
Unfortunately* there la no suHstltute for careful analysis of this preblea based 
on realistic radiative transfer calculations* Here 1 will briefly sutsaarlte past 
observational ar«d theoretical work* and then discuss la detail two recent poForo 
that should revolutionise our opprooch to the underlying phyaica of the tfllson-iap*^ 
effect. 

Uidthr-ltalnoalty relatloaa have oow been foond far oeveral lines in oddltloe to 
^ il 8 and K* for csa^le Che analogous ZZ h and k reso nance lines* bn* and lb* 
^ ol*tb that hum* and laFp. U9S7) auaw**. (k* •'**). I* tke *c*watlM 
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the outer edge* of the C» II ealtelon feeturee on lOA apeetrogreae* 

Lute (1970) h«« shown that la very nearly 'the full width at half aaelatai (PWm) 
of the cataslen tore, vilaon and Bappu (1957) and Vllsoa (1959) proposed «(ha 
following espresBlon foe the K line wldth^luUnoslty .relation 

• 27.59 - 14.9L log (r) . < 1 ) 

The aost estenolee cotspllatlon of XI k line widths is that of Usiler and Oegcrla 
(1979), baaed on Ccrefnleua obaereationa of ^9 late^Cype stars, their eapresalm* 

% • 34.93 - 15.15 log W(k) , (2) 

has caaentlally the aaoe slope as that (or Ga II, eeen though the )(g If widths 
■eaaiaed at the base of the ealsalon feature. lUE otserTatlona will add to this 
data set and rrovlde widths at different portions of the line profile. Using a 
aaall saeple of La widths (FV^m), HrCllntock et *1. (1975) obtained the relation 

- (40.2t4.5) - (14.7tK6) log V(Lo) . (3) 

Finally, Kraft et al. (19f>4), LoPresto (1971), and Fosbury (1973) have studied the 
dependence of the ^a line half*vldth, defined in several different ways, on but 
they have not proposed definite functional relationships. 

Different charscterlstlc features within the K line also show width^luaioosiCy 
relations. For eaaople, Ayres et al. (1975) and Engvold and Rygh (1976) find that 
the separation of the K| nlntsua features is correlated with Based on hi^ 

resolution spectra of 36 late<>type stars, Engvold and Rygh (1978) derive 

Ky ^ const ~ 15.2 log U(K|) • (4) 

In addition. Lute et al. (1973) find that the entire daeplng wings of the H and C 
lines broaden with tncreaafng stellar Itnlnoalty. Finally, C^aa et al. (1979) haw 
found In a sssple of 32 start observed at high dispersion, that both the peak 
aepsratlen and the K| alnlsufi separation exhibit essentially the aaae width* 
lisSnoalty slope as the FW191. 

the agreement aaong the slopes of the four relaclooa above le certainly 
auggeatlve of a coesaon, preaumably alaple, origin. As e first step towards 
onderatandlng that origin, several authors have eirpressed the line widths capir* 
ically in terw of fundasental stellar paraaetera. For exaaple, Uita and Page! 
(1979) have proposed the relation 

Vq - -0.22 log g ♦ 1.69 log ♦ O.tOYFe/R] - 3.69 , (5) 

based on data froa 5$ stars, luct and Pagcl argue that their relatloa la aara 
accitface chan those derived previoosLp vichout an abundance tew* For the K| width* 
Craa et al. (1979) find 

lo, U(K|) - -(0.20t0.02) log ■ * a.lto. 2 ) log T, - 3.76 . W 

1 .IOT... EngTOld ng tfgh CI978) dnlra a cecfflclniC of ■.0.16 for *6. fir.* t.rfc 


Physical Interpretations of these width-lurlnoslty relations fall Into two 
distinct classes. The first assisses that the width, generally taken to be for 
Ca It K, la forced in the Doppler core of the line profile and therefore res;;:or.da 
cainly to turbulent velocities in the chrooesphere. Fcr exasple* Scharcer (1976) 
followed Goldberg (1957) in asstcing that ? 6u, uhere u la eean the chroaos;^<«rlc 
turbulent velocity, and arrived at tl« Inevitable result that st«h velocities are 
supersonic In giants and highly supersonic In auperglaets. Ualng conservation 
e*;uatlons and taking the aechantcal energy flux proportional to w^» Sebarewr (1976) 

' was able to show that Vq * 6o — g in agrecaent with Eq. (5). However, the de* 

j rived value of u for the Sun Is 22 1o s*^, far larger than any estimates of turbu- 

I lent velocities In the solar chr&tnspherc. Fosbury (1973) b^a studied the Ga IX ead 

I Ho widths together In order to better deterelne chroaospherlc turbulent velocities* 

Me estSeated chrouospher tc wave fluxea from the line widths and concluded that the 
axplltude of upward propagatlr^; acoustic waves increases with luelnoaity. ffest 
recently, lute and Pagel (1979) have derived a relation aleilar ta Cq. (5) asamfag 
slab geocetry with a geoaetrlcal thickneca equal to the K line theraaliaation 
length, corplete frequency redistribution (CRD), and Doppler control of 

These three papers and previous studies of the sace type share e ntstber of 
difficulties; (1) They asstse that UU Is located In the Doppler core, but give »a 
theoretical or eaplrlcal justification for this. (2) They either lgr*orc radiative 
transfer altogether, despite mcerous studies that show that the F and k lines are 
optically thick and partial redistribution effects are critically ixportant in 
forcing the outer portions of the ealssion cores, or they treat line transfer la a 
wholly unrealistic oanner. (3) They rarely coapute chroaospherlc densities ant 
ionisation self consistently. (4) They do not attes^t to explain high resolution 
aolsr observations or turbulent velocities neasured In the eolar chronosphere by 
various techniques. The ability to arrive at expressions alsllMr to Gq. (5) le 
often given as sufficient justification that the approaches are aceca^ate enough t# 

! cxpislfi the underlying physical oec'nanlsa. 

I An alternative physical Interpretation ftxr the wldth-luclnoslty relatione 

t aastsea that the width, generally taken tn be V()r|), is forced la the daeplng wlnga 

; of the line profile. In this scenario, the width Is sensitive ^tcarlly to the asaa 

coluan density above the teaperature elnistsc and is relatively insensitive ta 
chroQOSpheric turbulent velocities. Engvold and Kygh (1978) have argued that 
U(K|> > 7.6gl.7 Doppler half-width units and thus the K. alnlaun features «uat he 
foraed in the daaplng wings of the line profile. With this assuspttoa and the 
spprexiaiatloa thst the K| featiare la foraed st the teapetatare ainiaua, which aodcla 
suggest occi^s St roughly the aaae cootinuia optical depth la late-type gtara* dpraa 
^ al* (1975) uacd the presaire-squsred dependence of iT opacity ta dcriw 

-og V(K|) • -0.25 log g ♦ 0*25 lag a caaat • (7) 

^ caeffleteat of tha lag g tew ahow is eloac to that af Bq* (6)* Th saaa 0973) 
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h«« 4 son^what different version of this explanation by showing that the 

location cf the base of the chromosphere* which determines U(K|)* may depend on the 
upward easft flux* tditch In turn Is related to the chremospberlc heating rate- 
At thla point it should he clear that a synthesis Is needed to determine 
whether these very different explanations for Vq and w(K|) arc related* and which* 

If either* refsalna valid after a realistic study of spectral line foreatlon In the K 
line. An leportant paper by Ayrea (1979a) goes far In addressing these questlcne* 
Ayres proposed sleple scaling laws for the thickness and eiean electron density of 
stellar chromospheres as functions of surface gravity and nonradlatlve heating* 
based on hydrostatic equlllbrlia and the assumption that Che nonradlatlve heating te 
relatively constant with height* He also took Into account the Influence of 
Ionisation on the general structure of a chronosphere and on the plasiu cooling 
functions* argued that the features are foroed to the daaplng wings of the 
line profile on the grounds that PRO calculations now oatch the llab darkening of 
the solar Ca It features (Shine ct al, 1979; Zlrker 1966)* which In Itaelf provides 
strong evidence for near coherent scattering Cand thus little Doppler redlatrfm 
button) beyond the celsslon peaks* Ayres fo*ind that 

log W(Kj) - - 1/4 log g ♦ (7/«tl/2) log ♦ 1/4 log Tjjg 

♦ 1/4 log Ajjej ♦ eoost , (0) 

where la the total nonradlatlve heating rate and to the skcsI abundance* 

The coefficients are close to the eopirlcsl relstlon (Eq* ( 6 )] snd the derived vidtli 
rstlo U(k|)/w(r.|) z 2.5 is consistent with the stellar valtse of 2*5 t 0*3 eatlsatcd 
by Ayrea et al * (1975) and the solar value of =2*3* 

Ayrea (1979a) further aasisaed that the 1^2 estaslon peaks are forsed just osC- 
side of Che Doppler core and chat the line source function is a saslsua at one Cber* 
ssllcsttoo length below the top of the chrooosphere. These approxtastlons lead to 

log tf(Kj) • -I/* log g - (5/4tl/2) log - 1/4 log 

- 1/4 log A^^ e J/2 log t ♦ const * (9) 

where K to the tcrhulent broadening velocity* The IX-Ca II estaslon peak 
separation ratio based cn the sbove relstlon is U(k 2 )/u(R 2 ) “ 0*9« 

Several leportant concluslone can be drawn froa thla-'«srk: 

( 1 ) both W(K 2 ) and scale as If the total nonradlatlve heating la 

Independent of gravity — the forser owing to the dependence of c^^oec 3 pherlc 
electron density on gravity and the latter owing to the dependence of chroooapherlc 
thickness on gravity* Because both V(K 2 > dnd U(K|) scale with gravity is the same 
way* It Is reasonable that every width betweea K| and K 2 * I** particular Vq* should 
also scale' the sssa way* The theoretlcel gravity dependence la conslatest with chs 
Luts-Pagel scaling Isw g*^*^^* sod saplslns why ths wldth-ltaUsoslty IsM far 
Uq* V(K|) and V(K 2 ) have cascatlally ths asss slopss (Ckas et al* 1979)* 
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(2) Ayres (1979a) found that W(r. 2 )-C^^^ not -C* •• generally aaataed. Thla la 
s result of placing the K 2 featts-e Just outside the Doppltf core* la the Lerenttlaa 
daoplng wings* The asstspclon of Lorentstaa control at 1^2 la based 00 the srguneat 
chat Che solar C» II eatsslon peaks linb darken (Zirker I960)* which suggests sig- 
nificant coherent scattering* and thus little Doppler rediatrlbutloa* where R 2 Id 
forned* Engvold and Aygh (1970) estimate that on the average V(K 2 )/£l 0 * 3«4£0*3 
for their sarrple of 26 stars* which suggests that ts forsed Just sutsldc ths 
Doppler core* Consequently* the W(g 2 ) and vldth-liastaonlty relations can be 
explained sl&ply as a gravity effect without having to Invoke highly nuperaonlc 

I tiffbuXence In stellar chroeospheres. 

(3) Ayrea predicts that W(r. 2 l should decrease with ^u* while B(Kj) should 

i Increase with A good test cf this predlctl«i Is found by coeparleg solar plage 

profiles of 11 (e*g** Saleh I960; Shine and Unsky 2972) with those of the eean 
quiet Sun* !n particular* the nonradlatlve heating rate la Iwrge and easily esti— 
anted In plages and the stellar paraaeters of a plage are the saee aa those of the 
quiet Sun* The Ca II plage observations *nd corresponding data for the k line are 
consistent with the dependence of the V(K 2 ) and VCK^ baling laws* la addi- 
tion. the K line FW»« (approxlaately eeual to V^) appears to be Independent af 
which ta In accord with uiXson'a (1966) result that ar-^^s ta be ledepcadent of 
the strength of the esisslca feature* Ft^theraore* tf>xaky et al* (1979a) find ro^b 
agreenent between aeaat7ed K| widths of a large aasple of atars aad the gravity sod 
chrosKtspherlc heating rate dependences given la £q* (S). 

Finally* I coesent 00 the calculations of laarl (1979)* which cast the i^lc 
question of the interpretation of wldth-lsslncslty relatloaa In a new light* laart 
baa cade a ntsber of prototype PRD calculations of line prafllca for chreaospherle 
•odels of late-type superglants* Rls goal vac to deteralne che facets Involved la 
the fomatlon of the enloslon widths of self-rewsed chroaocpherle recGnaecc llaca 
wndcT condlelcna of extreae coherency In the line wings* The FAD effects were 
expected to be particularly severe la aupergtants owing ta the very assail 
colllaloaal redlatrlubtlon rates la the low density envelopes of such stars* 

• 

• Oe^ Set of Basri'a calculattoas asaueed a Tolgt profile with paraxetera 

i —4 —6 *-9 

*.Sk20 sC — SmIO • *cd Tq . I ■ 10 foroed 1& sa tsotherMl atsospf^ere. 

As Ehoun In Fig. A, he finds that the eaergent line profile can hare a self^eversed 

J character for seal! -ralces of the Incoherence fraction !. and r^, tto ratio of enn- 

ttauin to line center opacity, erea tho<*h the atsosyherc la taothcraal aad there- 
fore baa no tenyerature taveraton. The origin of the gbaata* eialao feature 
la aa faUcMs: Outside Che Soppier care the photoa scstteriag beceaes aore cehercac 
aCth tncrcaslag An • AA/AAg, aad the aoaochrooaclc saurce fwcctoos rapidly dccoapX* 
*F<* the Alee ceacer aawee ftaictlaa (elitch IcseAf Aa claae ee the lacal Ranch 
(<*cttae} auch that the c*cr*est lateaetcy deercaaes *lth Aaeressla* ta- The ta- 
taaalty thaa rfacs ta the far vlM* •• <*• *eee e hre*ette •amem faacctaa he*tas c* 
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rigore 4. line proftles for «e Isoshcrcal atoospherc (Basrl 1979. Fit* ^*3)* 

tnelude a ottnfflcanc: contrlbutton froa the act<r>ed purely therctal bachtround eoff 
tlRuun« The extent to ehlch the phantoa K| feature occur# deeenda on the relative 
lerortance of the eoepetln* teras* Increasing coherence (decreasing A) tends to 
eephsslte this Schuster*typc process (Klhalss 1970), ohlXe Increasing coUlslooal 
redistribution (increasing A) or increasing contlnuua absorption (Increasing Pq) 
deesphaslzes It* In addition, Doppler drifting **• the frequency diffusion of 
photons vlth each ^coherent* scattering owing to residual Doppler cotlens — tend# 
to increase the frobabllity of core photons wand^lng i»vO the line vlngs* The 
redistribution of core photons increases the effective noncoherent scattering tera, 
which in turn raises the K| ainiouo over the pure coherent csse« In fact, Baarl 
found that olcrctur bulence can itifluenee the location of the K| featxire even t'ao<«li 
R| is forced far froa the Doppler cere, by enhancing the Doppler drifting cechsolaa* 
Basri'e calculations demonstrate the critical teportance of properly treating fre- 
quency redistribution for very coherent cases and the potential dangers of oai^ly 
sastBlng that the K| alnlatai feature la formed at the tenpereture aialnta in ea- 
treoeiy low gravity stars. 

As a teat of what oechani caa affect line: *:rofile shapes in realistic cuperglaat 
chroBospherea, Baarl considered the 11 k Une for the eot eatreae eaaaplc of $ 

Dra (C2 11)« fev which u(k|) • 2.5 A* Figure S dcpicta ataoepheric paraactcra far 
aolar-typa* tes^eratve dlatrlbutiona (Nodela A aod A*) with 3*^^ at log a^ « -1 g 
caT^ aod a aapcrglant-typa tc^cratora dlatrtbutioo (N»dcl B) with ahifead 
towtfd lo oasa by a factor of 100* Ftar Ibdal A, with a twrhalaot salacity 
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Figure 5. Atw>sphcrte parmteri for t tr» rxIcIs (■awl 1»7». Ftg. 4.1). 

iB the chroMsphere of 10 la »”* bti 4 either the gravity of the S<ai or f Br«, a{k|) 
OCCI.S near 0.3 f. ly fncreaaing the chroaospherlc tespetat!ffe (ra.lcst C!e..JeI *•> 
to prodoce a atroos estsaion profUc fer e Bra. bar! ftnda that W(kj) la aket 
1.5 *, even whea the atcroturlwlcnce la Increased to the htgkly aopersoBle «alac at 
30 k. a . However, the large valves of alrrotvr bulence tend to vnafa not tke k^ 
caisslon features, barl concliidea that nlcrotvr bulence by Itself camwc be a 
viable explanation of the W(k,) - r, or b'CK,) - relations in aoperglanta. 
although highly supernonic .IcroCurfauicnce can kroadea Sg. 

Alternatively, increaalng the aaas coliasi density dom tn the tes.crat«.a 
•InlBun (as in done in Itodel •) results la B(kj) - 1.5 « (see Fig. «). even when 
*r,,g Incrensed without Unit. The apparent lack ef senaltlvtty of V(k|) to 
chroMspherle cnlwn densttlea occurs because the kj slnlH. feature is strongly 
decoupled froa tw ceaperatise sCTKtwe (as uss seen la the taotheraal caasple). 
3ka locatlo. of k, la oaa detcraiaed by the kslaaee of eahercac and saaewherast 

3" partleidar, ampler drlftln, U an lapartaac tacohcrcKa tcra sklcb 
ka cakaaead ky teereaata, Cha alcracarbalaneo. barl flada that Kh,> can ka 
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ftfurc 1% II k computed for different $ Drn nodeln CInarl 1979, 

rig. 4.8b). 

fcroedeoed to the observed value of 2*5 A atcply by using a barely supersonic 
■Icroturbulence of 8 ka a ^ (Model B* In Figs. 5 and 6). 

The prototype supergiant calcalattena leave us with the following tmantlclpatc4 
results: (I) fc| and K| need not be forced at the temperature nlnlnua. (2) ISeltber 
the turbulent velocity ncr the naas coluen density esplanatlon f<^ the V(K|) 
relation Is viable by Itaclf. (3) Ktcroturbulent velocities can plsy aa Isporcanc 
role Is detcrslolng tfCk|) and v(X|) via the Doppler drifting sechaslas* Eves Cboi^li 
these conclusions refer to the perhaps eatreoe case of low density swperglant 
cksososphercs* the wost Inportont Message Is that It Is essential to solve the 
transfer equation properly before one can aeke eesalngfud ststceeets eseccrsteg the 
^yaicsl basts of wldth-ltsinoslty relstlc«s. 


e. Afte THERE STSTEKATIC FtOtf PATTER15S 1» STELlAS CHROraSPHERES? 

Until now we have been concerned %rtth the Interpretation of cSu’oeoapherlc line 
Intensities ST'd *>?dths. Th»ese data provide valuable lnforeatl«m on thernal atrec* 
tore and randoo nonthereal velocities In chrosospheres, but they do not contain 
useful Inforeatlon on syatcsatic flow patterns. Line profile asyMwtriea nay pro-' 
vide such Inforeotlon with proper interpretation, and In fact they are the only 
■eons ot prcocat of studying ebroeospherie ayatcsotic velocity fields, tecawao the 
anslyslo of lino ssyoaetrlco So cooplos, 1 first consider svsUshls thosrotiesl 
csUolstloas of profiles of optically thick ch^OMOpherte linos In tho ^oscnco of 


•ystrsatic fiew patterns, and then consider the eateat to which oolor sod otell<M' 
data can be understood la terra of these nodele. 

(O Athay (1976) has enphaslaed the cautioo with which one shevild approach Umk 
^ vestlon of deterslntng velocity fields frun line as^eaaetrlcs. ha provides eaaaq^leo 
of velocity fields fM* which even absorption line profiles predict the sroag sign of 
the flew vector. Needless to say, the analysis of optically thick oelf«rcvcrocd 
cnlsslon cores Is rare cobles and eust be undertakeo with care. 

(2) Using as a test case the Ca 12 R line fomed lo the sclsr d^orasphcee, 
Athay (1970) and Oran (1972) have shown that ssynnetrles provide Inf c r ra tlon ca 
velocity gradients In the line forsatlra region but not on the aagnltode or even tho 
direction of the flow in any specific atsosph^le layer. For esarple, Athay 0970) 
showed that downward not*':~"s of 10*20 kn a*^ In the region of ferawtClon shift 

to the red, tberei;^ soving absorbing naterlal (raterlal with s sssllcr source 
function than the underlying raterlal produclx^( the cnlssloo pcako) so as to 
partially obscure the •'a enlsslon peak rad uncover the omission peak, '^e rat 
effect Is to produce brighter enlsslon at and weaker cnlsslon at R 2 R« o»d 
Aav > 0. &)fortucately, the exact aaoe asyemsetrles «re prodweed hy aasraing uprard 
r«^tons of 3*7 a * In the R,*fcrning region and no syotoiatlc velocitteo adhere 
/reed. What 2 refer to os *falue asyesetry,* ^ 

9nly provides Inforastlon «wi the systenstlc vOTtlcsl velocity gradient, sperlfl* 
esily, that dv/dh < 0, but no onlgoe Infcrnatlon os obselnto vertical velocities 
onywl^re* Similarly "red asyossetry,* that Is ^ ^ Irjpllro 

only that dv/dh >0. 

(3) Vertically propagating waves with scales between tie elcrot orb-sleet rad 
ascroturbulent limits ("fw sotarbuier.ee”) and which arc moosS luaoldal In character, 
can also produce line asyraetrlea. Shine (1973) i^s syntbeslted Sia D profiles for o 
solar chromosphere rodel permeated by shock waves (approxirated by vertically prapa* 
gating sawtooth waves). He finds that the basic asymoetry ef the s^^tooth fraction 
prodisces tlae*averaged absorption i^cfiles with line center shifted the red, and 
Che blue wing brighter than the red wing. Stine's calcwlatle-a :-*%■. i that vertl* 
cally propagating .hock raves era produce tlue asyexaetrles In cM-cf^.^^cpberic ralsslon 
ci^es chat eight be mistaken for the synptosm of downflows «*bere is formed. 

(4) Heasley (1975) Has synthesized the Ca IX resonance and Infrared triplet 
lines for oodeXs of the solar acnos;4tcre Inclwdieg upward propagating acoustic 
pulses, perturbations in the local tea^erature simI density Induced by the pulses, 
snd resultant charges In the line seurcc fuactlras, all self*conslatently. he finds 

: that tfee ;asus* tkr.veSi the chrMM^Wrc produces first a fcliic 

I try, Mias to a^Har. k:!.. alicrc Kj 1. farw. a<i4 *« Mtia. laicrc Kj t. tmnt4, mti 

t • r«itf .ajMctry, aaias t. ap<w4 mcIm aitcre i. fw4 m4 m Mtf«i at.rc 

*2 W faratd. Ike effect ef leelafte, the .ceatca e«4 teefcratwe TcrCarketten 
****^te4 alth the y.\ee le te eeheece kyirac*. leelatteea fke lecreeae. elcetre. 
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dericitf tn turn drives the coll lRlon*d<mf Rated line source function cleeer te ilic 
risnek ftstctlen, thereby enhsneing the eeteston. In fact, he Tiotee that the 
doalnant Influence on the Gs IX line source functions la not the velocity field ^ 
the pulses, but rsther the stnospheric perturbations* Furthernore, the pulses do 
not charge the wavelengths of the their strengths* 

The oean quiet Sun K line profile (e*g. White and Sieooto 1968) and the 
tegrated solar dish K line profile fBcckera et al* 1976) both show bloe aayouatry» 
as do the llg II raaonance lines (Leoslre «nd 9L%manich 1973) and 1 a t3asrl et al« 
1979)* To interpret this asvsoetry. we can take advantage of the high spatial 
reaulotlon spectra that can be obtained froo the Sun* Such spectra In the K line 
fe*g*« faaachoff 1970; Vtlaen and 8vans 1912) show a variety of single and double 
peak profiles with red and blue asynaetry* but relatively constant R 2 peak wove* 
lengths, conaiatent with Heaaley'a 0975) ealculatlooa* The real clue to the cause 
of the blue ssjocetry seen in the whole Sun R line profile is provided by the high 
spstlsl resolutl<»> tlee-sequence spectra of Uu 0976). These data show lateasity 
i pcrttfbatlona that travel fron the far wings tcuard line center and produce a strong 

blue aay&aetry when the disturbance reaches the line cote* Liu (1974) and Liu and 
Skueanlch (1974) have interpreted this behavior in teres of local heating of the 
chronoaphere by upward propagating waves* The lnpo*tant nesaage for M la that the 
solar blue aavenetry la very likely produced by sooethtng analogoua to Heaaley*^ 
acoustic pulses, that has the largest affect on the R line profile at those phases 
^ when the teepersture and density perturbations and the up«(ard iMtlona are all post* 

^ ttve In the chrocMSpherle layers where !• fortsed* However, the net blue asyaaa* 

cry Celia ua nothing about the direction or nagnltude of the solar wini .-or the 
nature of possible circulation psttcraa In the solar chronoaphere* 

Vlth this background we can consider the stellar data* ftofllea of the Ga 11 
and Ig II lines In F*R n»ln sequence atara (cf* Linsky et al, 1979a; Basrl and 
Llnsky 1979) typically have blue aaywnetry, like the Sun, aywptoaaclc of upward 
^opagatlog waves In their chrocoapherca If our solar explanation la correct* 

The C and R giants exhibit iMrc coaplex behavior* Arcturws (R2 111), for 
example, shows fg It line irofilea with pronounced red asyuoecry that did not change 
during 1973*1976 (McCliotock et al. 1978), tihereaa Chiu et al* (1977) find that the 
R line asTBcetry la variable In their data and in previous work going hack to 1961v 
with blue asyi»etry perhaps aiore coonon* Chiu et al* (1977) have aodeled the red 
ssyenecry Gs II and Yfg II line profiles with n nasa flux conservative stellar wind; 
that la, the outflow velocity la Inversely propM^tlonal to the density and therefora 
locreaaea rapidly with height* Such a velocity field prod«»cea red aayKoetrica la 

both the Ca 11 and II lines, as expected froa Athav*a (1970) analysis far 

•9 '•I 

dv/dh > 0* Tha derived aaaa loss rate froa the beet fit aodele la 8 ■ 10 2R 
sad tha eutfliar velocity la 13 ta a*^ at t(K^> • 1* Hie questloa rcanlaa, htaarar* 
why aretivws can hava ataoltaaaeualy a bias Myaaatry Oa It prafila and a atroagly 
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»s)ii«etry S* II profile. WcCItoteck et «I. {H7«) arpM that the 4cep ahaorp- 
tloe feal«-e at -J8.3 Is a** that praAaces or ceatrthole* to the re<4 aayaaetiT *r 
tte (6 II prof Ilea la wy likely not later atel Ur ahsorptlea aa« ra»t therefore he 
fntrlnalc to the star. Possible explanations for the opposite asyesetrles Inelade 
large systesatlc eeloclty gradtenta la the rhrnaamphere fthe II Itaea sho«14 he 
farasd slightly higher U the chromsphere tha* Ca I!) er aa expaiMtag clrcoatellar 
eaeelope vlth large 11 cataa 4easlty a*l siull Cm IX calm Penalty, fceawahly 
orrtag to lonlzatioa af Ca*. The latter possihlllty aay he correct, hecaate the 
Slightly cooler giant Utfebara. (B III) h» I, 11 li.e profiles wry stellar t* 
hrctwua (m der »«ht et al. H7f). hat C* II U*e. *hteh eentate aarlaUc. «e.k, 
®**^*'****H*P absorptlo* featwee hlae shifted by about 39 I* •”* (teteera HTI; 
***'•' £UtL‘ >*^*)* heteer* (I9T7) has deslgaated such clrcwstellar rr^iiinrati 
**4*' 

Steacel OP78) fmmmi a statistical tread of K Itac blue mmymmtX T for glam* 
better than spectral type B a*d red aapBurtry for gisats csalcr thsa g*. The 
locattoo of SteoceVs Ca II asyauetry dleldlng Ilae la the *-t dlagra* la depleted 
In rig. 7. If hl^ aayoactry te syaptotatlc of apvard propagating aaees hut n* 
large wind In the chrnwtsphere. and red asyrwetry indicates the presence *f • 
•Ignlftcaat eutuard wsa fl« a«| possibly also . clrcusstellar shell, the* the 
dlaldlag Ua* Indicate* the onset of nnsstee ulnds I* stellar chroMtapherc*. I*st 
rcecaUy. Steneel and Hallaa (1*7*) (cf. Caperalcua data mt IteUcr and tegcrle 1*7*) 
k**e detaradaed ■ loeua la the IM dlagraa (sec Ng. *) ahere the 1% U re*e*a*ee 
U*t* ehaaga their sspaaetry la a tanacr stellar t* that faaad tr Steacel (l*7«) fee 

-5 


. “v 

0 


..♦5 

0.6 a? OA OS IjO IJ 12 
V-R 

n«w* 7. %saatus* regie* dividing Itec (Unaky and hUach 1*7*), I, U (■> 
aajMartrp divUtag Uaa (Staaecl aad Halls* 1979). te II (C) 
aaymery dividing Uaa (Staaecl l*7i). aad clrca*atcllar (S) 
dlvUte, Uaa (hateara 1977). 
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H and K* it.e Cs 11 «rd II dlvldlnj; lines «re located slightly to the right of 
that proposed by Llnsky a<rd HaL^eh (1979) to separate stars eidilbiClng high excita- 
tion eelsalon lines character Isele of a solar-llSre transition regies (auterla) at 
20-250 • 10^ r) froa stars shoving only chroetospher Ic ealcslon lines (oaterlal st 
lest than 10* K)« Taken together theae data suggest that cool stara fall ista two 
distinct clssses: those with outer stsospheres consisting of chroaospheres, trassl- 
tlon regions, and presueably slso hot coronae; and those with chroskoapheres end 
•assise cool winds. 

Kullsn (1978) has atteepted to esplaln the apparent onset of •asslve winds tm 
the early 1C stars* He proposes that the location of the point where the stellar 
wind becosea supersonic coves deeper Into the stellar ateosphere as gravity ssd 
effective teepersture decrease* Halsch et alv (1979) have shown that la tadlatlo* 
pressure eay play an leportant role In initiating the cool stellar winds* Ihe 
cooling effect of the wind eay explain the following: 

(a) For giants with color Index (V-P) < 0*60 (about spectral type KO III), the 
stellar wind Is optically thin, but the energy associated with the oass flow Is 
about ecosl to the conrsdlattve energy that would otherwise heat a hot corona* Swell 
stars therefore do not have coronae and fall to the right of the Llnsky-Ha Isch 
dividing line* However, the transonic point of the wind lies above the region sdiere 
the II lines are forced, conse()uently the 11 lines are syssetrlc or show blwe 
ssy&eetry. These start therefore fall to the left of the XI asys»ietry locws* 

(b) For giants with (V-P) > 0.85 (about spectral type K2 111), the wind now 
affects the upper chroaosp}i»re where the Hg II lines are forced* The wind reveraes 
the 11 asyneetry and the oass loss rate rises because Che transonic point has 
penetrated into the chrocosphere «diere the density is high, 

(c) For giants with (V-8) > I .00 (about spectral type K4 lit), the transonic 
point occurs well Into Che alddle chroaosphere «d^re H and K forn* The Cs 11 lines 
acquire red avyrnetry and the wind now carries enough material to produce observable 
clrcocsteilar features. 

la Cool superglanta like c Cew (C8 Ib), c Feg (K2 lb), C Cyg (F5 Ib), and a Orl 
(fC lab), the Ga 11 and 11 line asycrcetrlea (cl- Ltnsky et al, 1979a; Ikasrt and 
binshy 1979) are dcclr.ated by apparent clrcuestef ^lar absorption and it la difficult 
to deterslne the aayssetry of the snautllated chronnspherlc line* The problea of 
the Intrinsic asyeretrles of chroeospheric calaslon cores in superglanta la farther 
coapileated by the following points: (1) c Cca shows apparent clrcufssteilar 

absorption fea*^urea at both positive and negative velocities* (2) The 11 k 
profile of o Orl end presueably other scare le aultllaced by overlying clrc«a«teller 
Fc It and Iti 1 absorption lines (cf* BernaC and loobert 1976; de Jager et al* 

1979)* (3) Basrl (1979) has constructed e chroaoapherlc wodcl for a Orl to satch 

the Co 11 and IX line prof lies* He finde that broad, flat-bottooed rcverssle Xa 
the Ce XI llnee ere eeeily predlrtcd bf the drowoepherXe aodcl without tocXwdtag 
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anv clrcTSStellar shell whstsoever* Ganser^wently , our rather ceaual identlf Iratlosi 
af clrcucstellar features In efaroaospher Ic lines of superglaats wat be recon* 

alder ed* 

rk>c all cool fiuperglants shew '’clrctr^scellar'" features* ta particular, f Dre 
(C2 It) exhAblta Ca XI profiles with very strc»ng blue asynaetry and % XX profiles 
with less pronounced blue asmeetry (see Fig* 8). fissrl (1979) has sedeled these 
data using a coroving P?J> code and a vertical velocity (s^e Fig* 9) that lacreasce 
with height* Such a velocity field la conefsteae with the date, tut it la perhaps 
uaphysical and, as noted above, upward propagating waves can produce the eaae kind 
of asTnaetry* 

Variable asyaaetry la chronospber ic cslstlon lines aay tiwa eut to be coos toa 
la late-type stara as specific stara are isonltured for long periods* For evac^Ie, 
HollariS and Beebe (1976) have noted changes In the K line of a Aqr (C2 Xb), oad 
Sravlns et al, (1577) have fcuirf K line as 3 «etry changes in the C Scect star 
a Fup* 0*Brlcn and Iwabert (1979) b^ve reported variable Be X 110330 cwiastM frws 
Her, which ray result frou a shock front created when bigb-veloclty gas accretes 
wato the photosphere of Her. O’ftrlen (i979> b»a also reported o^erva- 

tloos of a nmher of F*fl stars. Rsny show variable absorption eeisaloa, and 

o Aqr shows evidence of enorcoua outflow x«locltes of nearly 2^ is s**^. 

The interpretation of asycxetrles In ckrorsospher Ic lines (Balaer scries, Cla XX, 
Sa X) *f 7 Taurl scars is a cacter of dispute. Blue shifted abs^ptlon coepooente 
in these lines have geserally been Interpreted as syrptoos of a str<^g stellar wtnd 
(e*g, Berbig 1962)* Nevertheless, ClrSch (1976) has dessonstrated that rorspber- 
Ically sy..aetric accretion can produce apparent tlueshlfted absorption cerponenta 
frow an infalling postsbock gar, Ulrich and Fnapp (1979) find that abowptiow 
coaponenca in Hu are not reliable indicators of gas flow direction, contrary Co Che 
cooBOiti prcsuopcica, but instead the Ks 0 line absorptiiM features are wore reliable 
flow-vector diagnostics. They conclude that accrw .loa occurs la the ea^or fracilee 
ef X Taurl stars and that discrete clouds of ejected aateriel, pn^bspe due te 
flares, continually pass tlwsugb the generally Infalliag gas* 

X wist Co thank !ka. 7. t* Ayres sad C. S. Issrl for tbelr ceeecrte on the 
ten, sad sany colleguea for sending ae preprints sad wnpwblisbcd dsts for iaclustee 
in this psper. This uork wss supported la part by KsSA tbreegk ^eate KhSS-33274 
and IKXH)6K)03-OS7 ce Che Oaluersicy nf CsXsrede* 
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